Background: Pure akinesia with gait freezing is a rare syndrome with few autopsied cases. Severe freezing of gait occurs in the absence of bradykinesia and rigidity. Most autopsies have revealed progressive supranuclear palsy. We report the clinical and postmortem findings of two patients with pure akinesia with gait freezing, provide video recordings of these patients, and review the literature describing similar cases. We also discuss bradykinesia, hypokinesia and akinesia in the context of this clinical syndrome. Case presentation: Two patients with the syndrome of pure akinesia with gait freezing were examined by the same movement disorder specialist at least annually for 9 and 18 years. Both patients initially exhibited freezing, tachyphemia, micrographia and festination without bradykinesia and rigidity. Both autopsies revealed characteristic tau pathology of progressive supranuclear palsy, with nearly total neuronal loss and gliosis in the subthalamus and severe neuronal loss and gliosis in the globus pallidus and substantia nigra. Previously published postmortem studies revealed that most patients with this syndrome had progressive supranuclear palsy or pallidonigroluysian atrophy. Conclusions: Pallidonigroluysian degeneration produces freezing and festination in the absence of generalized slowing (bradykinesia). Freezing and festination are commonly regarded as features of akinesia. Akinesia literally means absence of movement, and akinesia is commonly viewed as an extreme of bradykinesia. The pure akinesia with gait freezing phenotype illustrates that bradykinesia and akinesia should be viewed as separate phenomena.
Background
Steele, Richardson and Olszewski described the classic phenotype of progressive supranuclear palsy (PSP): vertical gaze palsy, postural instability, neck rigidity, dysarthria, pseudobulbar palsy and frontal dysexecutive syndrome, but they acknowledged that further observations may broaden the clinical spectrum of PSP [1] . Several clinical phenotypes of PSP have since been described, and overlapping phenotypes are common [2, 3] . One rare phenotype is pure akinesia with gait freezing (PAGF) [3, 4] . Although this phenotype is not specific for PSP, there is growing postmortem evidence that most cases have PSP pathology. We now report the autopsy findings of two patients with PAGF, and we present videos of these patients to illustrate the clinical features and progression of this disorder. To our knowledge, these are the first published videos of PAGF in patients with autopsy-confirmed PSP. We also briefly discuss the terminology of bradykinesia, hypokinesia and akinesia in the context of PSP-PAGF.
Case presentations
Two patients with PAGF were examined at least annually by the same movement disorder specialist (RJE) from the time they were first seen in his clinic. Both patients were videotaped one or more times with their informed written consent, approved by our human subjects committee. Both patients underwent autopsy (brain only). Gross examination of the brains was conducted, and sections from grossly normal and abnormal regions were taken for histologic examination. After study of routine hematoxylin and eosin stained slides, the cases were scrutinized for PSP and other neurodegenerative diseases using immunohistochemical stains for abnormal tau, alpha-synuclein, synaptophysin and amyloid aggregates in Patient 1 and for abnormal tau and amyloid in Patient 2. The two autopsies were performed by different neuropathologists more than 10 years apart, and no attempt was made to compare the two cases quantitatively or to compare these cases with other cases of PSP.
On February 1, 2017, we searched PubMed for cases of pure akinesia with gait freezing in which the diagnosis was established by autopsy, biopsy or genetic testing. The search criteria ((((((pure akinesia) OR freezing gait) OR gait ignition failure) OR primary akinesia) OR gait freezing)) AND pathology produced the abstracts of 186 papers. Forty-nine relevant articles were reviewed in detail, resulting in 14 reports with adequate clinical and pathologic/genetic descriptions. All but one [5] were in English.
Our patients initially presented with the syndrome of PAGF: start hesitation and freezing of gait, festination of repetitive limb movement, festination of speech (tachyphemia), "fast micrographia" [6] , and no rescue response on the pull test. Neither patient responded to levodopa. Both learned to break freezing with deliberate motor tricks such as stepping over the handle of a cane or a laser beam projected onto the floor (kinesia paradoxica [7] ). Rigidity, bradykinesia, supranuclear gaze palsy, impaired balance, and other features of classic PSP appeared after more than 5 years of "pure akinesia". Neither patient exhibited dementia. The clinical course and postmortem findings are now summarized for each patient.
Patient 1
At age 66, this man first noticed freezing when dancing and when getting in or out of his car. Within a year, he noticed freezing when initiating gait and when walking through thresholds, but he otherwise walked normally. He also noticed micrographia and festinating speech (tachyphemia). There was no tremor, cognitive impairment, dysphagia, or problems with urinary bladder or bowel function. He had no other medical problems except mild hypertension, controlled with a thiazide diuretic, and he had no family history of neurological problems. He tried carbidopa-levodopa 50/200 four times daily without benefit.
He came to our clinic at age 69. His Mini Mental State Exam was 30, and his eye movements were normal clinically and by quantitative oculography. There was festination and decrement in volume/amplitude of his speech and repetitive hand movements, but he had no bradykinesia (slowness of movement), rigidity, tremor or ataxia. His handwriting was barely legible due to micrographia. There was occasional freezing on initiation of gait and frequent freezing when encountering doorways and other thresholds, but he otherwise walked normally (Additional file 1: Video 1). He had no rescue response on the pull test, but he had no difficulty tandem walking. His brain MRI revealed a few small foci of T2 signal scattered in the cerebral white matter, an empty sella, but no other abnormalities (no brainstem atrophy).
At age 76, he exhibited upward gaze paralysis, slow downward saccades, eyelid paratonia, moderate generalized bradykinesia and rigidity, severe tachyphemia, and increased freezing (Additional file 2: Video 2). There was no response to amantadine, galantamine, selegiline, ropinirole, duloxetine, pergolide or another trial of carbidopa-levodopa. At age 79, he could not stand or walk without assistance. He had eye opening apraxia and blepharospasm. By age 84, he had complete vertical gaze paralysis, severe generalized rigidity and bradykinesia, and inability to stand and walk. A third trial of carbidopa-levodopa produced no benefit. He lived at home with his wife until his death at age 87.
Gross examination of the brain revealed severe atrophy of the subthalamic nucleus, moderate atrophy of the globus pallidus, and pallor of the substantia nigra. Fixed brain weight was 1430 g. Histologic sections demonstrated nearly complete neuronal loss in the subthalamic nucleus, severe neuronal loss in the globus pallidus and substantia nigra, moderate neuronal loss in the superior colliculi, and mild neuronal loss in the locus ceruleus and dentate nucleus. Immunohistochemical stains for tau revealed scattered tufted astrocytes, rare coiled oligodendroglial inclusions, and globose neurofibrillary tangles (Figs. 1 and 2). Synaptophysin immunohistochemical staining revealed mild grumose degeneration of the dentate nucleus. Alpha synuclein and Congo red stains were negative.
Patient 2
This woman first noticed micrographia, tachyphemia and falls due to freezing at age 65. There was no bradykinesia (slow movement), rigidity or tremor. An MRI revealed a left parietal meningioma but no other abnormalities (no brainstem atrophy). Resection of the meningioma at age 66 produced no clinical change. By age 71, she was falling at least weekly. She had mild bradykinesia, but no rigidity or tremor (Additional file 3: Video 3). There was festination and decrement in speech and repetitive hand movements, severe micrographia, and normal eye movements. Her Mini Mental State score was 30. She had no rescue response on the pull test, but she could tandem walk six steps without sidestepping. She did not respond to carbidopa-levodopa, rasagiline, memantine, pramipexole, galantamine, or amantadine. There was no family history of similar problems.
She died of lung cancer at age 74. During the last year of her life, she began exhibiting generalized motor slowing, mild slowing of upward and downward saccades, and frequent ocular square wave jerks during fixation. Gross postmortem examination revealed marked atrophy of the subthalamic nucleus and globus pallidus bilaterally and pallor of the substantia nigra. Fixed brain weight was 1150 g. Tau immunohistochemistry demonstrated globose tangles in the substantia nigra, globus pallidus, subthalamic nuclei, inferior olives, dentate nucleus, and pontine reticular formation. Tufted astrocytes were present in the striatum. The right hippocampal gyrus contained a microscopic focus of poorly differentiated carcinoma. Congo red stain was negative.
Discussion
Freezing of gait is defined as "brief, episodic absence or marked reduction of forward progression of the feet despite the intention to walk" [8] and is associated with festination of gait, repetitive finger movements and speech (tachyphemia) [9] . Freezing of gait has been described in PSP, Parkinson disease, multiple system atrophy, normal pressure hydrocephalus, and other diseases affecting the frontal lobes or basal ganglia bilaterally [10] . Patients with freezing in the absence of dementia, bradykinesia, rigidity and impaired balance are rare [11] .
Patients presenting with freezing of gait have been variously labeled as having isolated freezing of gait, gait ignition failure, and primary progressive freezing of gait [12] . Williams and coworkers [4] coined the term pure akinesia with gait freezing (PAGF) to describe a rare phenotype of PSP [4, 13, 14] that was initially described by Imai and Narabayashi [15] . This phenotype consists of the insidious onset of gait freezing, tachyphemia, and micrographia, and there is no response to levodopa and no history or neuroimaging evidence of subcortical vascular disease (Binswanger disease). For at least 5 years, there is no rigidity, tremor, dementia or supranuclear ophthalmoplegia. Our patients fulfilled all of these criteria. Both patients ultimately developed additional clinical signs of PSP, and autopsy confirmed the diagnosis of PSP. Both patients illustrate the relatively slow clinical course of PSP-PAGF to immobility, compared to classic PSP [4] .
Most patients with the clinical syndrome of PAGF have pathology that is characteristic of PSP [4, [16] [17] [18] , and they exhibit a pattern of striatal dopaminergic loss that is characteristic of PSP [13] . Less commonly, PAGF is caused by Lewy body disease [19] , pantothenate kinase 2 gene mutation [20] , pallidonigroluysian atrophy (PNLA) [21] [22] [23] , and primary lymphoma primarily affecting the basal ganglia [24] . PNLA is the second most common cause of PAGF, and its relationship to PSP is still debated (Table 1) [23, 25, 26] . The pathology in our patients was similar to other reported cases of PSP-PAGF [18, 27, 28] . Greatest pathology occurred in the subthalamic nucleus, globus pallidus, and substantia nigra. This anatomical distribution of neurodegeneration has been described consistently in previously reported cases of PAGF caused by PSP and by PNLA [17, 23, [28] [29] [30] . Therefore, the direct, indirect and hyperdirect pathways of the basal ganglia [31] are affected in the initial stages of PSP-PAGF and PNLA-PAGF, and this produces severe freezing with little or no bradykinesia (i.e., slowness) (Fig. 3) .
The absence of bradykinesia (slow movement) in PSP-PAGF, despite severe freezing and festination, is quite impressive when one considers the fact that patients with PSP-PAGF have severe nigrostriatal dopaminergic loss [13] . The absence of bradykinesia, rigidity and tremor in PSP-PAGF has been attributed to a pallidotomy effect of disease-related destruction of the pallidum [15] , but a better understanding of the pathophysiology of bradykinesia is needed to fully explain the PSP-PAGF phenotype.
At issue in this discussion is the definition of bradykinesia, which literally means slow movement and is widely regarded as a classic sign of Parkinson disease. The London Brain Bank definition of bradykinesia conflates slowness with decrement of movement amplitude: "slowness of initiation of voluntary movement with progressive reduction in speed and amplitude of repetitive actions" [32] . This definition of bradykinesia, in the context of Parkinson disease, was retained in the International Parkinson and Movement Disorder Society (MDS) diagnostic criteria for Parkinson disease: "Bradykinesia is defined as slowness of movement AND decrement in amplitude or speed (or progressive hesitations/halts) as movements are continued" [33] . The authors of the MDS criteria acknowledged that "Bradykinesia as defined here combines with one term the definitions of bradykinesia (slowness) and akinesia/hypokinesia (decreased movement amplitude); both are generally present on examination, although not always simultaneously (i.e., patients cannot move at normal speed with normal amplitude)". In discussions of bradykinesia, it is frequently unclear whether a clinician is using the pure definition of bradykinesia (i.e., slowness) or the London Brain Bank/MDS definition of bradykinesia for Parkinson disease (slowness and decrement) [34] . The PAGF phenotype illustrates that decreased movement amplitude can occur without motor slowing (Additional file 1: Video 1).
Ling and coworkers studied repetitive index finger-tothumb tapping movements of patients with Parkinson disease and PSP using quantitative motion analysis [35] . They found that the repetitive finger movements in PSP were reduced in amplitude, but there was no decrement. By contrast, repetitive finger movements in Parkinson disease declined in speed and amplitude over a period of 15 s. Ling and coworkers referred to the reduced movement amplitudes as hypokinesia and emphasized that decrements in amplitude and speed are characteristic of Parkinson disease. However, patients with advanced Parkinson disease exhibit repetitive finger tapping that is very reduced in amplitude, and there is little or no decrement [36] . Thus, repetitive finger tapping in advanced Parkinson disease resembles that in PSP [36] . Furthermore, hypokinesia is not defined consistently in the literature and is often defined as paucity of movement (the opposite of hyperkinesia) rather than reduced amplitude [34] . Akinesia literally means absence of movement, and akinesia is commonly viewed as an extreme of bradykinesia [15] . Freezing and festination of gait are commonly regarded as features of akinesia [15] and are associated with festination of speech and repetitive upper limb movements [9] . The motor features of the PAGF phenotype have all been regarded as features of akinesia, and this phenotype illustrates that festination and freezing can occur in the absence of bradykinesia, defined simply as slowness of movement. Freezing also correlates poorly with bradykinesia and rigidity in Parkinson disease [37] . These clinical observations suggest that akinesia should not be considered an extreme of bradykinesia.
Conclusions
The syndrome of PAGF is most commonly caused by PSP. The PSP-PAGF phenotype illustrates that akinesia is not simply an extreme of bradykinesia because patients with PSP-PAGF initially are not slow. The terms akinesia, bradykinesia and hypokinesia have not been defined and used consistently by clinicians, and it seems advisable to document the occurrence of start hesitation, freezing, festination and decrement without a presumptive label of bradykinesia, hypokinesia or akinesia [34] .
Additional files
Additional file 1: Video 1. This is patient 1 at age 69, three years after the onset of symptoms. He had severe freezing of gait, but his gait was otherwise normal. Tandem walking was normal. He had no rescue response to the pull test. He exhibited festination and decrement in volume/amplitude of his speech and repetitive hand movements, but he had no bradykinesia, rigidity, or tremor. His eye movements were normal.
Additional file 2: Video 2. Six years after video 1, patient 1 exhibited generalized bradykinesia and rigidity, increased freezing, upward gaze paresis, slow downward saccades, eyelid paratonia, and severe tachyphemia. 
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